The first myosins recognized as being directly regulated by Ca 2ϩ were identified in scallop striated muscles (1), and regulation has since been shown to involve subunits (light chains) of ϳ20 kDa that share homologies with the EF-hand family of proteins [for reviews, see (2, 3)]. In the past few years, evidence has been presented to show that mechanochemical cycles in a number of nonmuscle myosins of classes I and V may be regulated in different ways by calmodulin (CaM) 3 and other light-chain components that modulate the activity of the heavy chains [for a review, see (4)]. Brain myosin V (BM V), an unconventional myosin purified from chick brain [for reviews, see (5-7)], is a multimeric protein containing both endogenous CaM (8) and other light chains (9) 
The first myosins recognized as being directly regulated by Ca 2ϩ were identified in scallop striated muscles (1) , and regulation has since been shown to involve subunits (light chains) of ϳ20 kDa that share homologies with the EF-hand family of proteins [for reviews, see (2, 3) ]. In the past few years, evidence has been presented to show that mechanochemical cycles in a number of nonmuscle myosins of classes I and V may be regulated in different ways by calmodulin (CaM) 3 and other light-chain components that modulate the activity of the heavy chains [for a review, see (4) ]. Brain myosin V (BM V), an unconventional myosin purified from chick brain [for reviews, see (5) (6) (7) ], is a multimeric protein containing both endogenous CaM (8) and other light chains (9) associated with dimerized myosin heavy chains. The heavy chain (212 kDa) has a tail with globular regions of unknown function and a head with binding sites for ATP and actin. Between the head and tail is an extended neck containing six IQ sites, which are consensus binding sites for CaM and other light chains. The stoichiometry of CaM (16.8 kDa) , light chains (23 and 17 kDa), and heavy chain has been reported as 4.0:0.3:0.7:1.0 (10) , suggesting that each molecule of BM V has 10 -12 light chains, of which 8 are probably CaM. Espreafico et al. (11) clearly demonstrated that CaM binds to the neck domain, and no CaM interactions were detected elsewhere in the molecule.
Purified BM V requires actin and Ca 2ϩ for maximum MgATPase activity (8, 10, 12) . In the presence of actin, addition of micromolar Ca 2ϩ causes an increase in the ATPase activity but a decrease in motility (10) . Nascimento et al. (12) showed a very sharp Ca 2ϩ concentration dependence for the actin-activated ATPase of BM V, with no effect up to 1 M Ca 2ϩ and a maximum effect at 3 M. The mechanism of Ca 2ϩ regulation is not known, but it is thought to require the binding of Ca 2ϩ to CaM. The addition of micromolar Ca 2ϩ to BM V in the presence of actin caused about 30% of the CaM to dissociate from the heavy chains (12) . The authors postulated a suppressive effect by the neck domain akin to that seen with other Ca 2ϩ -regulated myosins, where Ca 2ϩ binding to light chains in the neck relieves the inhibition of ATP hydrolysis (13) (14) (15) (16) .
Each BM V heavy chain has 13 tryptophan residues (11), 8 of which are located in the head and neck. In this study, we use intrinsic fluorescence, HPLC, and cosedimentation with actin to obtain evidence for Ca 2ϩ -induced changes in BM V in the absence and presence of actin. In both cases, changes occur at very low (sub-micromolar) Ca 2ϩ concentrations, lower than those previously shown to be required for activation of hydrolysis (12) .
EXPERIMENTAL
Reagents. ATP, buffers, electrophoresis reagents, and protease inhibitors were purchased from Sigma Chemical Co. Resins were purchased from Pharmacia. All other reagents were analytical grade, from Brazilian suppliers. All solutions were prepared with Milli-Q (Millipore Corp., Bedford, MA) deionized water.
Proteins. Brain myosin V was purified according to Cheney et al. (10) , with modifications: 200 chick brains (ϳ200 g wet wt) were homogenized in 100 mM Tris-HCl, pH 7.7, 10 mM EDTA, 10 mM ATP, 2 mM 2-mercaptoethanol, 300 M phenylmethylsulfonyl fluoride. The homogenate was centrifuged at 40,000g max (40 min). NaCl was added to the supernatant to a final concentration of 600 mM and the suspension was centrifuged at 40,000g max (20 min) . The pellet was resuspended in 25 mM Tris-HCl, pH 7.2, containing 5 mM EDTA and 5 mM EGTA and centrifuged at 40,000g max (60 min). The pellet was resuspended in 25 mM Tris-HCl, pH 7.2, and centrifuged at 40,000g max (20 min) . Myosin in the pellet was solubilized in 25 mM Tris-HCl, pH 8.2, 600 mM NaCl, 1 mM EGTA, 10 mM ATP, 20 mM MgCl 2 , and 2 mM DTT. After 15 min the suspension was centrifuged at 250,000g max (30 min) and the supernatant was collected. The pellet was resuspended in the same buffer and the centrifugation was repeated (15 min). The two supernatants were pooled and concentrated by ultrafiltration under N 2 using an Amicon YM 300 membrane. On SDS-PAGE, no BM V was detected in the filtrate. The concentrated protein was centrifuged at 250,000g max (15 min) and the supernatant was applied on a Sephacryl S 400 HR column (1.5 ϫ 100 cm) equilibrated in the same buffer except that it contained 5 mM ATP and 10 mM MgCl 2 . Fractions of 2 ml were collected at a flow rate of 15 ml/h. Those enriched in BM V were pooled and diluted to a final NaCl concentration of 250 mM using the same buffer but without NaCl. The pool was titrated to pH 7.4 and applied on a Q Sepharose fast-flow column (3 ϫ 1 cm) preequilibrated in the same buffer (25 mM Tris-HCl, pH 7.4, 250 mM NaCl, 1 mM EGTA, 2 mM DTT, 5 mM ATP, 10 mM MgCl 2 ). The column was washed with 3 vol of this buffer followed by 3 vol of the same buffer in the absence of ATP. The protein was eluted using a linear gradient of NaCl (0.25-1.00 M, 10 -15 vol) in the buffer without ATP. The fractions containing protein were dialyzed overnight against 2 ϫ 400 vol 25 mM Tris-HCl, pH 7.0, 1 mM EGTA, and 1 mM DTT and stored on ice. With this procedure, as much as 4 mg of purified protein could be obtained from 200 chick brains.
Calmodulin was purified using the method of Gopalakrishna and Anderson (17) . F-Actin was prepared as described by Pardee and Spudich (18) ; just before use, it was centrifuged and resuspended in 25 mM Tris-HCl, pH 7.0, 5 mM EGTA, and 1 mM DTT. Protein concentrations were determined by the Hartree method (19) or by absorbance at 280 nm, using extinction coefficients of 1.04 for BM V (1 mg/ml) (10) and 0.21 for CaM (20) . Molar concentrations of the proteins were calculated using 640 kDa for BM V and 16.8 kDa for CaM.
Fluorescence measurements. Fluorescence emission was measured using spectrofluorometers from Hitachi (Model F-4500, Tokyo) or ISS Inc. (Model ISS K2, Champaign, IL). The samples were equilibrated at room temperature and emission spectra were recorded upon excitation at 290 nm (bandpass 1-2 nm for excitation and 1-5 nm for emission). The choice of 290 nm (rather than 295 nm) is based on a compromise between the need for sensitivity with small amounts of BM V and the need to reduce interference from Rayleigh scattering. Calcium was added to the cuvette using a micropipet and then mixed in manually by taking up and ejecting the solution several times. The integrated fluorescence intensity was calculated between 315 and 420 nm and corrected for buffer baseline. Calcium concentrations were calculated using the Schwarzenbach association constants for Ca 2ϩ , H ϩ , and EGTA (21) and a program modified from that used by Kosk-Kosicka et al. (22, 23) . 4 The Ca 2ϩ concentration dependence was analyzed by nonlinear regression through the experimental points, using the equation ⌬F/⌬F max ϭ Ca n /{(K 0.5 ) n ϩ Ca n }, where ⌬F is the change in fluorescence compared to the value in EGTA, ⌬F max is the maximal change in fluorescence in the presence of Ca 2ϩ , K 0.5 is the Ca 2ϩ concentration for the half-maximal effect, Ca is the calculated free Ca 2ϩ concentration, and n is the Hill coefficient.
HPLC experiments. High-performance liquid chromatography (Shimadzu LC-10A, Kyoto) was carried out at room temperature using a TSK G3000 SW column (Toya Soda, Tokyo) at a flow rate of 1 ml/min. The column was equilibrated using 25 mM Tris-HCl, pH 7.0, 1 mM EGTA, 1 mM DTT, and 50 mM NaCl. Titration with Ca 2ϩ was carried out by adding CaCl 2 to the buffer and the protein sample and reequilibrating the column. Protein samples injected were typically 35 g, in 0.02-0.10 ml. Protein elution was monitored by measuring absorbance at 280 nm, and peak areas were calculated using software supplied by the manufacturer.
Electrophoresis. Purification of proteins and cosedimentation experiments were monitored by SDS-PAGE (25) on minigels of 12 or 17% acrylamide. Gels were stained with Coomassie blue or silver (26) , the latter after fixation overnight in 5% (v/v) glutaraldehyde.
Cosedimentation assay. BM V and a 15-fold molar excess of actin were incubated for 30 min at 35°C in the presence of 25 mM TrisHCl, pH 7.0, 5 mM K 2 EGTA, 1 mM DTT, and CaCl 2 to obtain the indicated concentrations of free Ca 2ϩ . The samples were centrifuged at 100,000g for 1 h. The supernatants and pellets were separated and the pellets resuspended to the same volume as the supernatant. Samples for SDS-PAGE (100 l) were diluted in sample buffer (50 l) containing 5 mM EDTA, 200 mM Tris-HCl, pH 6.8, 5% (v/v) 2-mercaptoethanol, 6% (w/v) SDS, and 50% (v/v) glycerol, and 10-l aliquots were applied to the gel.
RESULTS

Intrinsic fluorescence of BM V.
When excited at 290 nm in the presence of EGTA, BM V shows a characteristic tryptophan fluorescence emission spectrum, with a peak at 325-330 nm (Fig. 1A) . Addition of Ca 2ϩ to BM V causes a reproducible decrease in its intrinsic fluorescence, with no shift in the emission spectrum (Fig. 1A ). This change is complete in the time required for mixing (10 -15 s) (see Experimental). Since the CaM light chains on BM V are the probable receptors for Ca 2ϩ , we tested the effect of adding Ca 2ϩ to purified CaM alone, under the same conditions. The inset to Fig. 1A shows that Ca 2ϩ causes an increase rather than a decrease in the intrinsic fluorescence of CaM, in accordance with previous reports (20) . The integrated area of the BM V spectrum (315 to 420 nm) is directly and linearly related to the concentration of the protein (Fig. 1B) . Under these conditions, the spectral emission of an equimolar concentration of CaM, which has no tryptophan, is only 1-2% of the signal obtained from BM V. Furthermore, Fig. 1B shows that the fluorescence from a 25-fold molar excess of CaM (15 M, right axis) is less than 10% of the fluorescence from BM V (0.6 M, left axis). Thus, for a sample of BM V excited at 290 nm, the contribution to its spectrum from endogenous CaM is negligible. Taken together, these data indicate that the quenching of BM V fluorescence by Ca 2ϩ reflects primarily changes in the environment of tryptophan residues in the BM V heavy chain. A contribution from other (non-CaM) light chains cannot be ruled out, but the available data (see Introduction) indicate that they are a minor component compared to CaM, and their primary sequence is not known.
The Ca 2ϩ concentration dependence of the quenching effect was determined by measuring the decrease in area of the fluorescence spectrum (315-420 nm) as the free Ca 2ϩ concentration was increased in steps from 0 to 7.6 M, using a CaEGTA buffer. Figure 2A shows that the decrease in fluorescence (ϳ17%) is essentially complete with 1-2 M Ca 2ϩ ; little further change occurs as Ca 2ϩ is raised to higher values. Ca The fluorescence quenching of BM V by Ca 2ϩ is not due to aggregation of the heavy chains, since this would result in an increase in light scattering with an asymmetrical effect on the fluorescence spectrum at wavelengths to the left and right of the peak. On the contrary, the changes in fluorescence at Ϯ5 nm on either side of the peak were symmetrical throughout the Ca 2ϩ titration curve (n ϭ 3; data not shown).
Dissociation of calmodulin.
In a previous report, partial dissociation of CaM from BM V was observed in cosedimentation experiments when micromolar concentrations of Ca 2ϩ were added in the presence of actin (12) . Calcium addition also causes one or two CaM light chains to dissociate from the heavy chain of brush border myosin-I (BBM I) (15, 16). It is not known how Ca 2ϩ affects BM V in the absence of actin. To examine the possibility that CaM dissociation could account for the decrease in fluorescence, the Ca 2ϩ titration of BM V was performed in conjunction with size-exclusion HPLC. For this purpose we chose a resin that excludes proteins Ͼ300 kDa and includes proteins as small as 10 kDa, in order to separate native BM V (Ն425 kDa, with or without light chains) from free CaM (16.8 kDa). When BM V is injected into the column after equilibration with EGTA, two absorption peaks can be seen at 280 nm: a large peak corresponding to BM V in the void volume, at 5 min, and a small peak at 8.4 min (Fig. 3A) . Injection of purified protein identifies the second peak as CaM (dashed line, Fig. 3A ), indicating that even in the absence of Ca 2ϩ (1 mM EGTA), CaM is partially dissociated from the heavy chain. In different preparations, the ratio of the areas of the two peaks (CaM/BM V) varied from 0.04 to 0.16, suggesting that BM V is isolated with varying amounts of CaM accompanying it. Considerable variability in CaM content has also been reported for BBM I (15, 16) .
In the presence of low concentrations of Ca 2ϩ , the BM V peak decreases and the peak corresponding to endogenous CaM increases. Figure 3B left in Fig. 3B . These are changes that would be expected if Ca 2ϩ causes an increase in the amount of free CaM-i.e., a transfer of mass from the heavy-chain peak to the CaM peak. To rule out a change in the molar absorption coefficient, which could also affect the CaM peak, purified CaM was injected into the column after equilibration with different concentrations of Ca . Figure 3B (inset) shows that the area of the peak does not change as Ca 2ϩ is increased from 0 to 0.085 M and decreases slightly (5%) at higher Ca 2ϩ concentrations (0.18 M). Therefore, we conclude that the increase in area of the CaM peak shown in the main panel of Fig. 3B is due to an increase in the amount of free CaM.
Changes in the BM V peak are more complex, since heavy chains both without and with associated CaM migrate in this position. However, it is clear that the decrease in total area of the BM V peak in Fig. 3B is much larger (9-and 13-fold in the two examples) than the increase in area of the corresponding CaM peak. This suggests that in addition to the loss of mass as CaM dissociates, the BM V heavy chain undergoes a change in conformation that alters its spectroscopic properties.
If indeed Ca 2ϩ induces the release of CaM subunits from BM V, the failure to reverse the decrease in fluorescence by EGTA in the experiments of Fig. 2A may be due to the concentration of free CaM being too low after its release from BM V to promote reassociation when Ca 2ϩ is removed. To test this idea we added an excess of exogenous CaM (14 M) to BM V after Ca 2ϩ titration and the addition of EGTA, under the same conditions as in Fig. 2A . In five of seven preparations, the Ca 2ϩ effect on the fluorescence of BM V was reversed, leading to a fluorescence intensity even greater than the original value in EGTA before the Ca 2ϩ titration. After subtraction of the fluorescence due to the added CaM, the final values ranged from 1.1 to 2.1 times the original reading for BM V (1.5 Ϯ 0.2; n ϭ 5). The variability in this experiment as well as the observation that with added CaM the fluorescence intensity can exceed the original BM V value may mean that BM V as originally isolated is partially depleted of CaM. Repletion of lost light chains has been proposed to account for the increase in the Ca 2ϩ -activated enzymatic activity (20 to 56%) that occurs when CaM is added to acto-BM V in vitro (10, 12) .
Dissociation of calmodulin in the presence of actin. In a previous report using cosedimentation of BM V with actin, partial dissociation of CaM (1-1.3 mol/ mol heavy chain) was observed at Ca 2ϩ concentrations above 5 M (12). Here we have presented evidence that sub-micromolar concentrations of Ca cosedimentation assay with actin was performed under rigor conditions, using Ca 2ϩ concentrations ranging from 0.025 to 9.9 M (Fig. 4) . The heavy chain of BM V (not shown in the figure) cosediments with actin in the pellet at all Ca 2ϩ concentrations tested. In the presence of EGTA, a significant fraction of the endogenous CaM is dissociated from BM V and thus appears in the supernatant, in accordance with the data in Fig. 3 for BM V alone. However, in contrast to the observations with isolated BM V, increasing the Ca 2ϩ concentration causes CaM to disappear from the supernatant and appear in the pellet, indicating that CaM has reassociated with the heavy chain. At Ca 2ϩ concentrations between 0.33 and 9.9 M, essentially all of the CaM is associated with the heavy chain and cosediments with actin (Fig. 4) . At higher Ca 2ϩ concentrations (Ͼ10 M in this preparation and as low as 7 M in others, not shown), CaM once again begins to appear in the supernatant, as reported previously (12) . Thus, the effect of Ca 2ϩ on the binding of CaM to BM V is more complex than originally perceived, and it is altered by the binding of actin.
DISCUSSION
The aim of this study was to determine how Ca 2ϩ affects the association between CaM and BM V, an association that has previously been studied only in the presence of actin (12) . We show that sub-micromolar concentrations of Ca 2ϩ quench the intrinsic fluorescence of native BM V, which has the spectral characteristics of Trp, and that this quenching is correlated with the dissociation of CaM from the BM V heavy chain. The data suggest that significant changes in conformation of the native molecule accompany the release of CaM. Furthermore, the binding of F-actin to BM V, as occurs in the cosedimentation assay, alters the affinity between BM V and CaM. This coupling may reflect properties of the structural and functional cross-talk between the CaM-binding neck domain and the actin-binding head domain that are related to the Ca 2ϩ dependence of the actin-activated ATPase activity of BM V (12) .
Ca 2ϩ -induced conformational changes. In heavy meromyosin from vertebrate skeletal muscle, Ca 2ϩ causes a 6% decrease in tryptophan fluorescence (27) , as well as a small blue shift (28) . Since neither of these effects occurred with the isolated heavy chains (29) and the quenching was accentuated with the isolated light chains, the authors concluded that the fluorescence changes in heavy meromyosin were caused by conformational changes in the light chains only.
The situation is different for BM V. Calmodulin, the principal light-chain component, lacks tryptophan, and we have shown that CaM fluorescence does not contribute significantly to the effects observed here. Based on the deduced amino acid sequence, the first and fifth IQ motifs on each BM V heavy chain include a tryptophan (11) . Thus, release of CaM from these IQ sites could potentially expose these Trp residues to the aqueous medium, causing a decrease in fluorescence. However, the fact that there is no shift in the spectral center of mass when Ca 2ϩ is added (Fig. 1A ) leads us to believe that exposure of buried Trp residues to the medium is not a primary cause of the quenching. We speculate that the changes in fluorescence may be due to alterations in heavy-chain conformation that affect these and other Trp residues. This interpretation is reinforced by the HPLC data of Fig. 3 , which shows that Ca 2ϩ induces a decrease in A 280 for the peak that contains the BM V heavy chain. In this regard, it is of interest that dissociation of light chains from molluscan myosins leads to a partial collapse in the neck region, so that the distance from the tail to the far end of the head becomes shorter (30, 31) . A collapse in the neck region when CaM dissociates from BM V might account for the difficulty encountered in reversing the dissociation (fluorescence decrease) induced by Ca 2ϩ ( Fig. 2A) .
By analogy with other myosins, the IQ sites in the neck region of BM V are likely to be part of a long ␣ helix that is stabilized by the binding of CaM and the other light chains (2, 32) . It can be estimated from structural data that the last IQ site at the C-terminal end of the neck region lies at a distance of ϳ25 nm from the actin-binding region of the head domain, nearly twice as far as in skeletal myosin II (10) . A substantial conformational change in the neck region with subsequent repercussions on the actin-binding region would be consistent with a mechanism in which Ca 2ϩ binding to one or more light chains somehow regulates the activity at the rather distant catalytic site. Since calpain cleavage of BM V at the head-neck junction mimics the effect of Ca 2ϩ in turning on the acto-BM V ATPase (12) , continuity of the heavy chain in this region appears to be essential for regulation. Precise localization of the structural changes that lead to the observed decrease in fluorescence will require further experiments, such as those that have been done with proteolytic fragments of molluscan myosin (33) . (Fig. 2B) does not show the high Hill n value associated with Ca 2ϩ activation of acto-BM V ATPase activity (12) . Thus, the effects of Ca 2ϩ on the intrinsic fluorescence and on the actin-activated ATPase activity are not directly correlated. Our experiments were necessarily performed under rigor conditions (absence of MgATP), in order to avoid dynamic changes associated with ATP hydrolysis and the mechanochemical cycle. However, it appears that the association of BM V with actin does alter its binding affinity for CaM and the effect of Ca 2ϩ under rigor conditions. In the F-actin cosedimentation assay, binding of CaM to BM V is promoted by Ca 2ϩ concentrations that cause dissociation of CaM from BM V alone, whereas higher concentrations of Ca 2ϩ (Ն5-10 M) cause CaM to dissociate in the cosedimentation assay and have no further effect on BM V alone. This shift in the presence of F-actin to a biphasic effect of Ca 2ϩ implies that binding with actin profoundly affects the affinity of one or more IQ sites for CaM in its Ca 2ϩ -bound form. Possibly the binding of Ca 2ϩ at sub-micromolar concentrations (in the range of those in a resting cell) ensures that a critical IQ site(s) is unoccupied by CaM. In the presence of actin, CaM binding to the empty site may be a precondition for activation, providing BM V with a ''hair-trigger'' response so that only a small increment in Ca 2ϩ is needed to activate it sharply. Other myosins that have been shown to be regulated directly by Ca 2ϩ include scallop myosin II and the vertebrate BBM I [for a review, see (34) ]. In the molluscan myosin, Ca 2ϩ binding to the light chains of the neck domain (32) leads to activation of the mechanochemical activity. Calcium induces conformational changes (32, 35) and in heavy meromyosin either no change (36) or a very small (Ͻ5%) increase (33) in Trp fluorescence. However, there is no evidence that either of the scallop myosin light chains dissociates on binding Ca 2ϩ ; on the contrary, dissociation requires EDTA (37) . In BBM I, micromolar Ca 2ϩ induces dissociation of CaM light chains, and this event was originally perceived as being responsible for inhibition of actin activation and motility (15, 38) . However, Ca 2ϩ also inhibits mechanochemical activity when excess CaM is present in the medium (16) , so it is still somewhat uncertain whether CaM dissociation is essential for regulation. In the case of acto-BM V, micromolar Ca 2ϩ inhibits motility but not actin activation (10, 12) , and CaM dissociation induced by 5-10 M Ca 2ϩ is not correlated with changes in activity. The binding of CaM induced by submicromolar Ca 2ϩ concentrations (Fig. 4) has no counterpart in BBM I. Thus, BM V differs from other Ca 2ϩ -regulated myosins in several important respects, and in none of these cases is it yet entirely clear how the light chains contribute to regulation.
